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Abstract: Due to the high cost and low martensitic transformation temperature of Gallium 

as the basis for the most extensively studied Heusler alloys, the search for Ga-free alloys has 

been recently undertaken, particularly by introducing In, Sn or Sb. Therefore, three-shape 

memory alloys were obtained by rapid solidification: Ni0.5Mn0.5-xInx (x=0.12, 0.13 and 0.14). 

The thermal and structural analyses were performed by differential scanning calorimetry 

(DSC), X-ray diffraction (XRD) and electron microscopy scanning (SEM), which were 

applied to determine the martensite transformation. The structural transformations were 

found to be of austenitic-martensitic character, with the transformation temperatures 

decreasing with the increase of In content. The austenite state was proven to have a cubic 

L21 structure and the martensite was found to possess a monoclinic 10M structure. The 

obtained results have revealed that the control of the valence electron by atom (e/a) 

determines the functional properties displayed by these alloys near room-temperature and it 

is possible to develop alloys that can be candidates in a variety of applications such as 

sensors and actuators. Likewise, the entropy and enthalpy change linked to transformation 

are lower for Ni50Mn36In14 alloy.   

Keywords: Heusler alloys; Martensitic transformation; X-Ray diffraction; Rapid 

solidification; Thermodynamics. 
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1. Introduction 

Heusler alloys are defined as ternary intermetallic compounds with X2YZ composition,1) 

where X and Y are transition metals and Z is a III, IV, or V group element.2) The 

ferromagnetic Heusler alloys Ni50Mn50-xInx, with x within a certain range of concentration 

values have led to the observation of many interesting phenomena such as giant 

magnetocaloric effect (MCE),3,4) large magnetoresistance (MR),5,6) magnetic field-induced 

strain,7) and exchange bias.8,9) These alloys exhibit a first-order austenite–martensite phase 

transition, which is a cyclic process. By lowering the temperature, a cubic high-temperature 

parent austenite phase transforms into a tetragonal, orthorhombic or monoclinic structurally 

modulated martensite ordered by domains. By heating from the martensite state, the materials 

transform into austenite.10)  

Ni–Mn–Sn and Ni–Mn–In systems are of prospective importance as ferromagnetic-shape 

memory alloy. In the last decade, these alloys were produced as bulk polycrystalline ingots by 

arc melting followed by high-temperature homogenization annealing. Currently, 

ferromagnetic Ni50Mn50-yXy alloys with X = Sn and In can be directly produced as single-

phase microcrystalline materials by rapid solidification using melt spinning technique.11-13) 

The transition temperatures of shape-memory alloys strongly depend on the composition, and 

their values spread in a very wide range. In addition, it is well-known that the structures of 

martensite in Ni-Mn-In based alloys are sensitive to chemical composition. Temperature at 

which martensite starts and finishes its transformation into austenite, and vice versa, is usually 

referred to as As, Af, and Ms, Mf, respectively. It has been reported that Ms may decrease with 

a small increase in In content within the respective narrow intervals where both parent and 

product phases are magnetically ordered since it is quite dependent on the valence electron 

concentration e/a. For example, Sutou et al.14) have found that Ms decreases from 433 to 193 
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K when In content increases 0.10 to 0.15. Furthermore, Krenke et al.15) have reported that the 

temperature Ms decreases from 760 to 264 K when the In content increases from 0.05 to 0.16.  

 In the present work, we consider three alloys in the Ni–Mn–In system (by modifying 

the chemical composition) to develop materials with a martensite–austenite transformation 

temperature range above, near, or below room temperature, with nominal composition 

Ni50Mn50-xInx (x= 0.12, 0.13 and 0.14). For these purposes, X-ray diffraction (XRD), 

differential scanning calorimetry (DSC) and Scanning electron microscopy (SEM), 

investigations were carried out on the ribbons produced by melt-spinning. 

2. Experimental details 

As-cast ingots of about 2 g with nominal composition Ni0.5Mn0.5-xInx (x=0.12, 0.13 and 

0.14) were prepared by conventional argon arc melting from 99.98% pure Ni, 99.98% pure 

Mn, and 99.999% pure In, using Bühler MAM-1 compact arc melter. Each button ingot was 

melted five times and cast into a chilled copper mold to obtain a master rod with a diameter of 

10 mm. The samples were induction-melted in quartz crucibles with a circular nozzle of 0.6 

mm and then ejected onto a copper wheel rotating at a wheel linear speed of 48 ms-1. The 

process was carried out in Argon environment. The obtained as-quenched ribbons were flakes 

of 1.2–2.0 mm in width and 4–12 mm in length. The prepared samples are named as follows: 

In0.12, In0.13 and In0.14, respectively.  

The thermal and structural analyses were carried out by applying several techniques. In 

fact, X-ray diffraction (XRD) analyses were performed at room temperature with a Siemens 

D500 X-ray powder diffractometer using Cu-K radiation (Siemens, Berlin and Munich, 

Germany). The structure of samples was refined by using Maud Program16) and software 

(Jana 2006, Jana, Praha, Czech Republic).17) As for the thermal analyses, they were performed 

by differential scanning calorimetry (DSC) using a DSC830 calorimeter (Mettler Toledo, 

Greifensee, Switzerland) with a heating/cooling rate of 10 K/min working with a liquid 
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nitrogen cooling system. Moreover, the microstructure and elemental chemical composition 

of ribbons were examined using a scanning electron microscope (SEM) via a DSM 960A 

microscope operating at 30 kV equipped with an X-ray energy dispersive spectroscopy (EDS) 

microanalysis system. To obtain a representative value of the average chemical composition 

for each alloy produced, a considerable number of ribbon flakes was characterized at room 

temperature.   

3. Results and Discussion 

3.1. SEM investigations 

The microstructural studies of Ni0.5Mn0.5-xInx (x=0.12, 0.13 and 0.14) ribbons were 

carried out employing scanning electron microscope. All samples present well-defined 

distinct layers of the cross-section. These sandwiched layers are those presenting the main 

differences in the microstructure of the three compositions (see Fig. 1). On the other hand, for 

In0.12 alloy micrographics, one can observe a columnar grains located at the ribbon free 

surface, which grew perpendicularly from small grains formed at the ribbon surface that was 

in contact with the wheel during the quenching process (see Fig. 1(a–c). This result has been 

previously observed in Ni45.8Mn42.6In11.6 alloy ribbons.18-19) The ribbon thickness has a size of 

~15.58µm and the grain size of ~1.54µm. Figure 1 (d-f) shows the microstructure of the 

In0.13 sample that is also martensitic at room temperature. No phase separation can be 

identified, which is in good agreement with the x-ray diffraction patterns, where all reflections 

are related to the martensitic phases.  

The measurements of grain thickness and size of In0.13 ribbon are around ~15.85µm and 

~3.4µm, respectively. Moreover, the martensitic structure identified by XRD corresponds to a 

specific morphology in SEM analysis where the martensite is plate like (Fig. 1d). Although 

the martensite is plate-like, which can be recognized by the linear grain boundary of each 



5 

 

plate, the thickness of the twins is different for In0.12 and In0.13. For In0.12 sample, a broad 

form was found, whereas for In0.13 sample, finer one was detected. In fact, within the grains, 

the plates order is parallel, as shown in Figs 1c and 1d. However, Fig 1i shows that for the 

case of In0.14 sample, the plates are not ordered between boards. Thereby, the measurements 

of grain thickness and size of In0.14 sample are around~16µm and ~3.72µm, respectively. 

We can infer that ribbons are mostly composed of micronic columnar grains that grow 

through the whole ribbon thickness with the larger axis perpendicular to the ribbon plane. 

Therefore, ribbon microstructure is of columnar type with a high degree of orientation 

between adjacent grains. Samples are quite fragile and easy to cleave along the direction 

perpendicular to the ribbon plane. The comparison of their cross section columnar-like 

microstructure suggests that the presently produced Ni–Mn–In alloy exhibits faster grain 

growth kinetics as revealed by the larger in-plane grain width that roughly varies between 1 

and 8µm.13)  

Some EDS measurements were performed on each ribbon surface to check the 

homogeneity of the final composition. The EDS analyses of the As-spun ribbons are shown in 

Fig. 2(a,b,c). The results confirm the presence of mixed metallic elements. The composition 

analyses are found to accord well with the nominal compositions of the As-spun ribbons 

((Ni0.498-Mn0.382-In0.120), (Ni0.505-Mn0.371-In0.130) and (Ni0.494-Mn0.365-In0.141)). 

Compositions are slightly shifted from the original. It is common in these alloys obtained by a 

two-step procedure: arc melting and melt spinning. A typical mapping analysis corresponding 

to In0.14 given in Fig. 2d demonstrates the homogeneity of the final composition.   

 

  

3.2. XRD Investigations 
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To determine the thermal analysis conditions, it is important to define crystal structure at 

room temperature. If the detected phase is cubic, the austenite–martensite transition must be 

found above room temperature, whereas if the detected phase is monoclinic, orthorhombic or 

tetragonal, the austenite– martensite transition must be found below by heating alloy. The 

structural parameters are determined by adjusting experimental patterns obtained by X-ray 

diffraction in temperature for all alloys and low temperature for the composition 

Ni0.5Mn0.36In0.14 because it presents an austenitic structure at room temperature. For this 

reason, XRD patterns were collected at room temperature, see Figure 3. Alloys with In0.12 

and In0.13 have a monoclinic 10M structure, whereas alloy with In0.14 has a cubic L21 

structure. Miller indices were assigned with the aid of indexing programs as Treor and Dicvol. 

The crystal structures and the lattice constants obtained from X-ray diffraction experiments 

for samples are given in Table 1. 

Figure 3 shows the diffraction patterns of the alloys with x=0.12 and 0.13. The reflections 

can be attributed to the 10M martensite structure. The inset shows the details in the range of 

40°≤2θ≤46°, indicating that the unit cell is monoclinic with the I2/m space group. The 

corresponding crystallographic data related to the final convergence of the structural 

refinement are shown in Table 1. In order to know if the refinement has been done properly, it 

is not sufficient to check visually if experimental and theoretical diffractograms match. There 

are four reliability factors that give information about the accuracy of the refinement: Rstructure 

factor, RBragg factor, Rpattern (Rp) and Rweighted pattern (Rwp).20) The unit cell is monoclinic making an 

angle β=87.53°. 10M martensitic structure is characterized, in diffraction pattern, by the 

presence of four peaks around the principal reflection peak. 

Alongside with the main reflections, additional peaks indicate the presence of structural 

modulation. Commonly, the ten-layer modulation (10M) is represented by a superstructure 

with ten adjacent unit cells along one of the crystallographic axes of the alloys with x=0.12 
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and x=0.13 (Fig.3). The parameter of dispersion with respect to the basic structure, austenitic 

of original type L21, in general, is an orthorhombic structure but for those alloys rich in Ni 

and/or Mn structure it is, generally, monoclinic 14M with symmetry space P21/m. In addition, 

the 14M structure is represented by a superstructure of seven adjacent cells along a 

crystallographic axis. Moreover, in the present work, the choice of alloys rich in nickel and 

manganese facilitates the obtention of a complex crystallographic structure at room 

temperature as martensitic monoclinic. As expected in Table 1, the lattice parameters of 

martensite increase slightly with the increase of Indium content.10) For x=0.14 the diffraction 

pattern shows a cubic L21 structure with a lattice parameter a = 0.5972 nm (see Table 1). 

Miller indices were assigned with the aid of indexing program as Treor and Dicvol. The 

presence of (111) and (311) superlattice diffraction peaks confirms the high order of L21 

structure. The high/low degree of order might be ascribed to high/low vacancy 

concentration.21)  

Therefore, these structural properties of both the austenite and the martensite are found to 

change with the increase in In content, obviously related to the smaller size of Mn atoms 

relative to that of In. In has an atomic radius of 0.167 nm, and Mn has an atomic radius of 

0.140 nm. It appears that the considerably larger size of the In atom as compared to other 

group III-A and group IV-A elements leads to an Mn-Mn separation that is quite large.15) 

Besides, with the increase in In content: x=0.12, 0.13 and 0.14, excess Mn atoms occupy In 

sites. In such spatial configurations, Mn-Mn neighbors have a smaller separation than that in 

the stoichiometric compound.15) Therefore, we come to the conclusion that the variation of the 

crystal structure at room temperature from the structure 10M, to the austenitic cubic L21 

structure depends on the In composition. In addition, modification of the production 

conditions and small changes in the composition can promote the thermal stability of different 

structures and, consequently, a different magnetoelastic behaviour. The small and constrained 
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grains in the flakes might have made the transition to the martensite phase difficult and shifted 

it to lower temperatures, probably associated with the increased degree of quenched-in short-

range disorder around defects, as proposed by Chernenko et al.22) Obviously, factors as the 

slight shift in the valence electron concentrations also increase the structural complexity. 

3.3. Thermal and thermodynamic analysis 

From XRD diffraction analysis, it is clear that DSC scans of alloys In0.12, In0.13 and 

In0.14 should be performed by heating from room temperature to detect the martensite–

austenite transition. The martensitic transformation temperatures were determined by the 

intersection of the base line and the tangent line which is the largest slope of the peak, as 

illustrated in Figure 4. The obtained transformation temperatures are listed in Table 2. The 

hysteresis ∆T (∆T = As - Mf) is due to the increase in the elastic and the surface energy during 

the martensite formation. Thus, the nucleation of the martensite implies super-cooling. 

Therefore, it determined the width of the hysteresis, ∆T, as the difference in the temperatures 

corresponding to the peak position, 3 K, 12K and 10K in alloys In0.12, In0.13 and In0.14, 

respectively. The transformation region can also be characterized by the martensite 

transformation temperature T0: the temperature at which the Gibbs energies of the martensite 

and parent phases are equal 23) 

     T0 =1/2 (Ms+ Af)                                                                              (1) 

 

This parameter of three samples is collected in Table 2. 

The entropy (∆S) and enthalpy (∆H) changes in the structural transformations are 

calculated from calorimetry data15) using the relationships: 

  

    and 
(2) 
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where Ti and Tf are the temperature limits of integration. 

 The enthalpy and entropy changes values are also included in Table 2. It can be concluded 

that for both ΔS and ΔH, there is a significant concentration dependence. However, these 

thermodynamic parameters take their highest values for a concentration of In equal to 0.13. 

However, the In0.12 and In0.14 ribbons have the lowest values of ΔS and ΔH. Krenke et al.15) 

have reported that in the case of Ni0.5Mn0.5-xInx alloy ingots, both ΔS and ΔH decrease with 

the increase of In concentration from x=0.05 to 0.25. They related this decrease to the large 

difference in the magnetic exchange interactions below and above Ms, which gave rise to a 

positive magnetic entropy change in the vicinity of martensitic transformation. The difference 

has been found between samples with different values of the injection over pressure or the 

distance between wheel and injection point.22) On the other hand, one parameter used to 

characterize magnetic shape memory alloys is the electron-to-atom ratio (e/a) that is 

calculated using the electron concentration of the outer shells for each element of the Ni–Mn–

In system. The number of electrons per atom for Ni, Mn and In atoms are 10 (3d8, 4s2), 

7(3d5, 4s2) and 3(5s2, 5p1), respectively. 

The following expression is used to calculate (e/a) ratio as described in detail in.15) 

                  (e/a)= [10xNi+ 7xMn +3xIn]/100                                                                          (4) 

where x is the atomic percentage of the element.  

It is noted that the values decrease with the increase in the indium content (decreasing e/a), 

which is in agreement with the results obtained by other authors. The crystal structure of 

martensite formed in Ni-Mn-In alloys varies with alloy composition (or e/a). Besides, the 

change in the unit cell volume caused by the structural transformation would be different,21) 

thus leading to the change of ∆S. In addition, it is known that there is a linear correlation 

(3)  
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between the average number of valence electrons per atom and the martensite start 

temperature Ms; it increases when the value (e/a) increases.24-29) Similar behavior was found 

in this study, where the Ms temperature decreases from 431 to 260 K when e/a varies from 

8.02 to 7.94 for In0.12 and In0.14, respectively. Hence, the control (e/a) determines the 

transformation temperatures range in this type of alloys. Furthermore, it is possible to develop 

alloys with the desired transformation temperatures as candidates for some applications such 

as sensors and actuators. 

In addition to chemical composition, the atomic order of the parent phase has a great 

influence on the martensitic transformation. In this way, a relevant reduction in the 

transformation temperature extension, eventually associated with the local differences of 

atomic order, is obtained. For instance, Kreissl et al.30) found that the disorder existing 

between Mn and Ga atoms in Ni2MnGa alloy substantially decreases Ms of about 100 K. On 

the other hand, what is original in our study in comparing the three sample curves, is that we 

can observe that the peaks of In0.12 and In0.13 alloy are more intense and exhibit a 

remarkable expansion and amplitude compared to that of In0.14 alloy. This result is similar to 

that reported in Ref.15) in which the enthalpy and entropy change related to the transformation 

decreases as (e/a) decreases. The discrepancy with our study remains unclear but may be 

based on the influence of e/a ratio on the enthalpy and entropy change of martensitic 

transformation.31) Further, it has been reported for Ni0.2+xMn0.1−xGa32-33) that the character 

of the (e/a) dependence of ∆S is related to the magnetic contribution that relies on the 

difference in the magnetic exchange below and above Ms. 

It is generally known that the magnetic exchange is closely connected to the Mn–Mn 

interatomic distance. However, it has been shown34-36) that there is no significant 

concentration dependence for other systems such as MnNiSn, CuAlMn and Ni-Mn-Sn-Co 

Heusler alloys. On the other hand, Figure 4 reveals that with an increase in the indium 
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content, the DSC scan was performed near room temperature and the cyclic process was close 

to room temperature. As expected, the austenite state for these alloys finish near room 

temperature because the martensite state starts at this temperature, allowing the resolution of 

the crystal structure of martensite product.37) 

Likewise, from a thermodynamic point of view, there is an irreversible entropy, ΔSi, at 

the hysteretic transition. This irreversible entropy is proportional to the thermal hysteresis. It 

can be calculated by DSC data, taking into account the peak temperature of the austenite to 

martensite, TAM, and the martensite to austenite, TMA, temperatures. The formula as given 

in ref.38) is: 

                                                  (5) 

As shown in Table 3, the values are lower than -0.02. Therefore, there is a small 

correction because usually differences obtained in ΔS by applying different ways are higher. 

A similar behavior was found in the literature in the Ni-Co-Mn-Sn system.39)  

Furthermore, in the transformation energy there exists a term linked to the effect of the elastic 

contribution, ΔEel, which can be calculated by applying equation 6 in Ref.40) 

 

          (6) 

 

The values are small with the exception of sample with higher content of indium (Table 

3). This alloy has also lower values of enthalpy and entropy. It is also known that the 

existence of different martensitic variants tends to minimize the elastic energy associated with 

the deformation of the sample. Thus, lower martensitic variants require greater energy 

expenditure to initiate the martensitic transformation.41) All these results are probably linked 

to a reduction of martensite variants in the samples.  
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4. Conclusions 

In the present paper, we have investigated the martensitic transformation and the 

microstructure properties of the Ni0.5Mn0.5-xInx (x=0.12, 0.13 and 0.14) ribbons. Based on 

the obtained experimental results, some conclusions may be drawn.  

The martensitic transformation temperature Ms increases as the e/a ratio decreases with 

the partial substitution of Ni by In. 

The relationship (e/a) control permits the development of alloys with the desired 

transformation temperatures. Likewise, the entropy and enthalpy change related to the 

transformation decreases as (e/a) decreases.  

Besides, SEM microstructures noted that the grain sizes increase with the increase in In 

content. 

The microstructure shows the existence of equiaxial and columnar grains with a 

heterogeneous distribution, whereas the chemical composition is homogeneous.  

The reduction in the average grain size is accompanied with a decrease in the start 

temperature of the martensitic transformation, Ms demonstrating that the structural transition 

temperatures can be tuned within certain limits by controlling this microstructural parameter. 

Furthermore, it is found that the transformation entropy is lower in the alloy produced at 

lower linear surface speed, probably due to the reduction of the relative temporal amount of 

material in contact with the wheel during the first stage of solidification. Minor entropy 

differences have been found between samples with different values of injection over pressure 

or the distance between wheel and injection point.  
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Figures Captions 

Figure 1: Typical SEM micrographs of the different regions: (a, d, i) Free surfaces, (b, e, j) 

Wheel surfaces and (c, f, k) Fractured cross sections of In0.12, In0.13 and In0.14 ribbons, 

respectively 

Figure 2: EDS analyses of the as-spun ribbons (a) In0.12, (b) In0.13 and (c) In0.14 and (c) 

typical mapping analysis that corresponds to In0.14 

Figure 3: X-ray diffraction patterns at room temperature for the alloys In0.12, In0.13 and 

In0.14. 

Figure 4: DSC cyclic scans for the alloys In0.12, In0.13 and In0.14 at a heating/cooling rate 

of 10 K min-1. Arrows indicate heating (down: austenite to martensite) and cooling (up: 

martensite to austenite). 
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Tables captions 

Table 1: Experimental details and refined crystallographic data for the samples with nominal 

composition Ni0.5Mn0.5-xInx (x=0.12, 0.13 and 0.14). The Reliability factors (profile 

residual, Rp, weighted profile residual Rwp and goodness of fit GOF=Rp/Rwp) for an 

excellent fit. 

Table 2: Structural transition temperatures and the associated characteristic thermal 

parameters: (h) and (c) indicate calculated heating or cooling, respectively.  
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Table 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Sample Symmetry 
Space 
group 

a/nm b/nm c/nm 
Angle 

 β/° 

Rp 

/% 

Rwp 

/% 

GOF= 
Rp/Rwp 

Ni0.5Mn0.38In0.12 

Monoclinic 

10M 
I2/m 0.431(4) 0.568(5) 2.100(1) 87.53 11.94 10.86 1.09 

Ni0.5Mn0.37In0.13 

Monoclinic 

10M 
I2/m 0.434(3) 0.572(4) 2.124(2) 87.58 11.14 

 
10.84 

 

 
1.02 

Ni0.5Mn0.36In0.14 Cubic L21 Fm-3m 0.597(2)    11.27 10.2 1.1 
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Table 2 

 

 
 

Sample e/a Ms/K Mf/K As/K Af/K ∆T/K T0/K ∆H/J mol-1 ∆S/J mol-1 K-1 

Ni0.5Mn0.38In0.12 8.02 431 427 427 432 3 431.5 848.6621(h) 
410.2512 (c) 

1.960.03 (h) 
0.950.01 (c) 

Ni0.5Mn0.37In0.13 

 

Ni0.5Mn0.36In0.14 

7.98 
 
 
7.94 

361 
 
 

260 

344 
 
 

168 

357 
 
 

182 

373 
 
 

262 

12 
 
 

10 

367 
 
 

261 

1038.1341(h) 
1031.0211 (c) 

 
93.5635 (h) 
116.6425 (c) 

2.820.11 (h) 
2.80.10 (c) 

 
0.350.01 (h) 
0.440.01 (c) 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 

 

 

 

 

 

 

 


